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Abstract 
For industrial-scale CO2 injection in saline formations, pressure increase can be a limiting factor in storage capacity. To address 
this concern, we introduce Active CO2 Reservoir Management (ACRM), which combines brine extraction and residual-brine 
reinjection with CO2 injection, contrasting it with the conventional approach, which we call Passive CO2 Reservoir Management. 
ACRM reduces pressure buildup and CO2 and brine migration, which increases storage capacity. Also, “push-pull” manipulation 
of the CO2 plume can counteract buoyancy, exposing less of the caprock seal to CO2 and more of the storage formation to CO2, 
with a greater fraction of the formation utilized for trapping mechanisms. If the net extracted volume of brine is equal to the 
injected CO2 volume, pressure buildup is minimized, greatly reducing the Area of Review, and the risk of seal degradation, fault 
activation, and induced seismicity. Moreover, CO2 and brine migration will be unaffected by neighboring CO2 operations, which 
allows planning, assessing, and conducting of each operation to be carried out independently. In addition, ACRM creates a new 
product, as extracted brine is available as a feedstock for desalination technologies, such as Reverse Osmosis. These benefits can 
offset brine extraction and treatment costs, streamline permitting, and help gain public acceptance. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Geologic CO2 storage (GCS) in deep geological formations is regarded as a promising means of lowering the 
amount of CO2 emitted to the atmosphere and thereby mitigate global warming [1,2]. The most promising systems 
for GCS are depleted oil reservoirs, particularly those suited to CO2-based Enhanced Oil Recovery (CCS-EOR), and 
deep saline formations, both of which are well separated from the atmosphere. Industrial-scale CO2 storage will 
involve large volumes of injected fluid and a need for significant formation storage capacity, either in the form of 
raw pore volume or as achieved from fluid-formation compression at high injection pressures. A distinct advantage 
of CCS-EOR is that it involves fluid extraction, which increases CO2 storage capacity and offsets pressure buildups, 
while conventional saline-formation GCS does not. Yet, because of limitations in the volume and distribution of 
depleted oil reservoirs and the large volumes and widespread availability of saline formations, CO2 storage in saline 
formations is likely to play a more dominant role in GCS [3]. The absence of fluid extraction in conventional saline-
formation GCS suggests that large and lasting pressure perturbations will occur, requiring careful monitoring and 
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restriction of injection pressures to prevent increasing “failure” risks of caprock fracturing, leakage up abandoned 
wells, fault activation, and induced seismicity [4]. If not controlled, high pressures may drive CO2 and brines 
through leakage pathways and threaten water quality in shallower water-supply aquifers [4-5]. Thus, pressure 
buildup is considered to be a limiting factor on CO2 storage capacity, and storage-capacity estimates based on 
effective pore volume available for safe trapping of CO2 may have to be substantially reduced [6]. A basin-scale 
reservoir model showed large enough pressure interference between neighboring CCS operations to suggest that the 
potential area to be characterized in a GCS permitting process (and the Area of Review) could be quite large, and 
preclude the possibility of permits being granted on a single-site basis alone [6]. 
As a strategy to reduce risks associated with pressure buildup, increase storage capacity, and to reduce site 
characterization permitting costs, we introduce Active CO2 Reservoir Management (ACRM), which combines brine 
extraction, desalination, and residual-brine reinjection with CO2 injection in saline formations. The processes and 
benefits of ACRM are similar to those of CCS-EOR. In contrast, conventional saline-formation GCS, which we call 
Passive CO2 Reservoir Management (PCRM), is an approach where migration of CO2 and brine can only be 
controlled by the injection of CO2. One of several key aspects that ACRM has in common with CCS-EOR is the 
possibility of generating revenue from the extracted fluids; namely, fresh water produced via brine desalination, 
using technologies such as Reverse Osmosis, which will generate residual brine [7]. This requires evaluation of 
disposal options for the residual brine, including reinjection, as well as the possibility of Enhanced Water Recovery. 
Outside of the additional direct costs involved with brine extraction and treatment, ACRM allows for multiple 
synergistic advantages over PCRM when considering freshwater, CO2, brine, pore-space competition, and pressure 
challenges across the entire spectrum of CCS operations [8]. These include: 
 A large reduction in pressure buildup (in magnitude, areal extent, and duration) and associated failure 
risks, leading to increased storage capacity and a significantly smaller Area of Review. 
 “Push-pull” manipulation of the CO2 plume, reducing CO2 contact with the caprock seal and increasing 
the fraction of the storage formation utilized for trapping mechanisms. 
 Additional valuable information to expedite storage-system calibration and history-matching. 
 Decoupling of neighboring CO2 operations from each other, with respect to pressure interference, which 
allows planning, assessing, and conducting of each operation to be carried out independently. 
Collectively, these benefits can reduce site characterization costs, expedite performance and risk assessments, 
streamline permitting, offset brine extraction and treatment costs, and help gain public acceptance. 
2. Methodology 
Here, we conduct a modeling study to examine the influence of brine extraction on pressure response and CO2 
and brine migration using the NUFT reactive flow and transport code (Nitao, 1998).  We develop a 2-D radially 
symmetric model of a saline 250-m-thick CO2 storage formation, similar to one developed by Zhou et al. (2008), 
with the top of the formation located 1200 m below the water table and bounded by 60-m-thick seal (caprock and 
bedrock) units (Figure 1). The outer lateral boundary has a no-flow condition to represent a semi-closed system for 
20- and 100-km-radius storage formations, representative of a relatively small and large basin, respectively. 
 The lower boundary of the model, which is 1800 m below the water table has a no flow condition. The upper 
1140 m and lower 290 m of the model, called the overburden and underburden, have the same hydrologic properties 
as the CO2 storage formation. Note that real hydrogeological settings are likely to have multiple layered seal units. 
We utilize a relatively simple conceptual model that represents the sealing performance of just two 60-m-thick seals 
that bound a CO2-storage formation. The hydrologic properties of the CO2-storage formation and seal units are listed 
in Table 1, which are the same as those used by Zhou et al [9].  The injection of CO2 occurs in a 50-m-radius zone in 
the lower half of the storage formation, at rates of 6, 12, 30, 60, 120, 240, and 480 kg/sec (annual rates of 0.2, 0.4, 
0.9, 1.8, 3.8, 7.6, and 15.1 million metric tons) for injection periods of either 50 or 100 years. Brine is sequentially 
extracted in the lower half of the storage formation, from 100-m-wide zones at radial distances of 1, 2, 3, 4, 5, 6, and 
7 km, with extraction only occurring in one zone at a time. Brine extraction in a given zone occurs until the CO2 
front is about to reach that zone, at which time extraction is moved to the next radial zone. By moving the extraction 
zones in this fashion, brine extraction can have a greater influence on manipulating the shape of the CO2 plume. 
Brine is extracted either concurrently with CO2 injection, or after a delay. Extraction ratios from 0.0 to 1.0 are 
considered, where extraction ratio is defined as net extracted brine volume (extraction minus reinjection) divided by 
injected CO2 volume. Note that we did not explicitly represent the reinjection of residual brine in our model. 
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3. Results and Analysis 
We analyzed a broad range of cases, with respect to CO2 storage mass and seal permeability. We start with the 
largest case, with an injection rate of 15.1 million metric tons per year over a 100-yr injection period (total injected 
mass of 1515 million metric tons), a 20-km-radius formation, and a relatively leaky seal permeability of 1 × 10
-18
 m
2
. 
Figure 2 shows the migration of the CO2 plume for conventional saline-formation GCS, which we call Passive CO2 
Reservoir Management (PCRM), while Figure 3 shows the corresponding Active CO2 Reservoir Management 
(ACRM) case, with an extraction ratio of 1. The extraction ratio is defined to be the net extracted volume of brine 
(extraction minus reinjection) divided by the injected CO2 volume. Figure 2 clearly shows the influence of 
buoyancy, causing supercritical CO2, which is less dense than the native brine, to flow to the top of the storage 
formation. Most of the CO2 remains within the storage formation; however, the large pressure buildup drives some 
the CO2-phase migration into the overlying caprock seal unit (Figures 2b and c). Additional CO2 migration occurs in 
the aqueous phase (Figures 2e and f). Because CO2 solubility increases with pressure, aqueous-phase CO2 
concentrations are greatest at the end of the injection period (Figure 2e), which is when pressure buildup peaks for 
the 20-km-radius formation. The distance to the lateral no-flow boundary is small enough to cause the 20-km-radius 
formation to behave as a semi-closed system, which is one in which pressure is relieved as a result of brine leakage 
through the finite-permeability seal units. For the corresponding 100-km-radius formation case, pressure buildup 
peaks prior to the end of the injection period, because the large radial distance to the lateral no-flow boundary causes 
it to behave as an open system. The migration of CO2 in the aqueous-phase occurs in advance of the CO2-phase 
plume (Figures 2e and f), penetrating nearly 200 m vertically above the top of the caprock at 200 yr (Figure 2f). 
Thus, the contours of aqueous-phase CO2 shows the extent of brine migration. 
The migration of CO2 and brine is much less in the ACRM case (Figure 3) than in the PCRM case (Figure 2), as 
contrasted in Figure 4. Buoyancy causes CO2 to tend to migrate to the top of the storage formation. However, we 
intentionally manipulated the CO2 plume by the manner in which we operated the brine-extraction wells in the 
ACRM case, which counteracts the influence of buoyancy on CO2 migration. For this ACRM case, there are seven 
rings of brine-extraction wells, represented by the brine-extraction zones in the model (Figure 1). (Note that we 
conducted corresponding 3-D reservoir-model calculations that showed that the brine-extraction-zone rings are 
reasonably representative of brine-extraction wells located in the four corners of a five-spot pattern.) In the 2-D 
radial model, just as aqueous-phase CO2 began to be extracted in a given brine-extraction zone, we shut off 
extraction in that zone and moved the extraction to the next zone, located 1 km further away from the center of the 
injection zone. We repeated this process over the 100-yr injection period and were able to counteract much of the 
buoyancy force that tends to drive CO2 to the top of the storage formation (Figures 3b and c). 
An extraction ratio of 1 causes minimal pressure buildup, with little CO2-phase migration into the caprock 
(Figures 3b and c). Note that for a seal permeability of 1 × 10
-18
 m
2
, buoyancy forces are not strong enough to drive 
CO2 into the caprock. Lack of discernable aqueous-phase CO2 in the caprock indicates little migration of brine into 
the caprock (Figures 3e and f). The influence of brine extraction is apparent in the aqueous-phase CO2 contours 
(Figures 3d, e, and f), as CO2-enriched brine is drawn down into the upper extent of the extraction zones. 
 
         Figure 1. Conceptual model used in this study. 
Table 1. Hydrological properties applied to the CO2-storage formation 
and (caprock and bedrock) seal units. The overburden and underburden 
have the same properties as the storage formation. 
Property Storage 
Formation 
Seals 
Horizontal and vertical permeability (m2) 10-13 10-20 to 10-17 
Pore compressibility (Pa-1) 4.5 × 10-10 4.5 × 10-10 
Porosity 0.12 0.12 
van Genuchten m [10] 0.46 0.46 
van Genuchten  (Pa-1) 5.1 × 10-5 5.1 × 10-5 
Residual CO2 saturation 0.05 0.05 
Residual water saturation 0.30 0.30 
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Figure 2. Migration of CO2 plume is shown at 10, 100, and 200 yr, plotting CO2-phase saturation (a,b,c) and aqueous-phase CO2 concentration 
(d,e,f) for Passive CO2 Reservoir Management with an injection rate of 15.1 million metric ton/yr for 100 yr, a total injected mass of 1515 million 
metric tons, a seal permeability of 1 × 10-18 m2, and a 20-km-radius storage formation. 
 
Figure 3. Migration of CO2 plume is shown at 10, 100, and 200 yr, plotting CO2-phase saturation (a,b,c) and aqueous-phase CO2 concentration 
(d,e,f) for Active CO2 Reservoir Management (extraction ratio = 1) with an injection rate of 15.1 million metric ton/yr for 100 yr, a total injected 
mass of 1515 million metric tons, a seal permeability of 1 × 10-18 m2, and a 20-km-radius storage formation. 
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Figure 4 shows how “push-pull” manipulation of the CO2 plume can substantially reduce the footprint of the CO2 
plume contacting the overlying caprock. The smaller contact area, together with minimized pressure buildup, greatly 
reduces the risk of CO2 leakage up abandoned or compromised wells. With minimized pressure buildup, the only 
driving force for CO2 leakage up wells is buoyancy, which is not strong enough to drive significant leakage. It is 
also evident that CO2-plume manipulation can cause a greater fraction of the lower portion of the storage formation 
being contacted by CO2, with a greater fraction (vertically) of the formation utilized for trapping mechanisms, which 
improves resource utilization. CO2-plume manipulation can also be useful in counteracting the influence of 
buoyancy in dipping formations, as well as the influence of heterogeneity. 
As with the magnitude of pressure buildup (Figure 6), the areal extent of pressure buildup is markedly less for 
ACRM than for PCRM (Figure 5). For an extraction ratio of 1, the areal extent of pressure buildup is largely 
confined to the area circumscribed by the outermost extraction wells, which for the ACRM case in Figure 5 is an 
area with a radius of 7 km. For the corresponding PCRM case, a similar pressure perturbation occurs out to a radius 
of 65 km (Figure 5a). Thus, the Area of Review, which is likely to correspond to the area of significant pressure 
perturbations, can be on the order of 100 times greater for PCRM than for ACRM with an extraction ratio of 1. The 
greatly reduced region of pressure perturbations also means that CO2 operations will not affect neighboring CO2 
operations or be affected by those operations if they utilize ACRM with an extraction ratio of 1. 
Peak pressure buildup increases strongly (and linearly) with total injected CO2 mass for PCRM and is dependent 
on the radial extent of the storage formation (Figures 6a and b). For a small (20-km-radius) formation, peak pressure 
buildup occurs at the end of the injection period, while for a large (100-km-radius) formation, the peak occurs prior 
 
Figure 4. Migration of CO2 plume is compared at 100 yr for (a) Passive CO2 Reservoir Management and (b) Active CO2 Reservoir Management 
for an injection rate of 15.1 million metric ton/yr for 100 yr, a total injected mass of 1515 million metric tons, a seal permeability of 1 × 10-18 m2, 
and a 20-km-radius storage formation. 
 
Figure 5. Pressure buildup is compared at 100 yr for (a) Passive CO2 Reservoir Management and (b) Active CO2 Reservoir Management for an 
injection rate of 15.1 million metric ton/yr for 100 yr, a total injected mass of 1515 million metric tons, a seal permeability of 1 × 10-18 m2, and a 
100-km-radius storage formation. 
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Figure 6. Peak pressure buildup at the center of the injection zone is plotted as a function of total injected CO2 mass for Passive CO2 Reservoir 
Management and Active CO2 Reservoir Management (extraction ratio = 1) for (a) a 20-km-radius formation and (b) a 100-km-radius formation. Peak 
pressure buildup at various radial distances from injection-zone center is plotted as a function of extraction ratio for a total injected CO2 mass of 378 
million metric tons for (c) a 20-km-radius formation, (d) a 100-km-radius formation, and (e) the case where the start of extraction is delayed by 10 yr 
after the start of injection for a 20-km-radius formation. (f) Peak pressure buildup in the injection zone is plotted as a function of the minimum radial 
distance from the injection-zone center to the extraction zone for Active CO2 Reservoir Management (extraction zone = 1) for a total injected mass of 
378 million metric tons. All cases have a 100-yr injection period and a seal permeability of 1 × 10-20 m. Note that the peak pressure buildup occurs at 
the end of injection (100 yr) for the 20-km-radius formation, while it occurs prior to the end of injection for the 100-km-radius formation. 
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to the end of injection, with the difference being that the small storage formation behaves like a semi-closed system, 
while the large formation behaves like an open system. Moreover, the peak pressure buildup for a 20-km-radius 
storage formation is 4 times greater than for a 100-km-radius formation. For ACRM cases with an extraction ratio of 
1, peak pressure buildup increases very weakly with total injected CO2 mass, indicating that CO2-storage capacity is 
both scalable and insensitive to the radial extent of the storage formation. This finding is consistent with the 
observation that ACRM with an extraction ratio of 1 will not influence, or be influenced by, neighboring CO2 
operations, which enables reservoir analyses to be conducted without consideration of the hydraulic influence of 
either neighboring CO2 operations or of the lateral boundaries. Lack of pressure interference is very useful because 
it allows for independent assessment of each CO2 operation within a basin containing multiple operations, and may 
enable permits being granted on a single-site basis, which will greatly streamline the permitting process. 
The previous discussion about ACRM has pertained to an extraction ratio of 1. ACRM can also be exercised for 
extraction ratios less than 1 (Figures 6c and d) and delayed brine extraction (Figure 6e). For a small (20-km- radius) 
formation and a relatively tight seal permeability of 1 × 10
-20
 m
2
, the reduction in pressure buildup is large: 58, 80, and 
93 percent for extraction ratios of 0.5, 0.75, and 0.9, respectively (Figure 6c). For a large (100-km-radius) formation, 
the reduction in pressure buildup is smaller: 38, 57, and 68 percent for extraction ratios of 0.5, 0.75, and 0.9, 
respectively (Figure 6d). With the exception of large extraction ratios, a 10-yr delay in brine extraction does not 
diminish the magnitude of pressure-buildup reduction (Figure 6e), compared to the case of no delay (Figure 6c), and 
for large extraction ratios, the reduction in the benefit is quite small. Thus, for the purpose of reservoir pressure 
management, it is feasible to delay brine extraction without diminishing the beneficial impact on pressure reduction. 
Therefore, ACRM can be implemented as a CO2-storage risk-mitigation strategy that deploys brine extraction after 
extensive reservoir-monitoring, history-matching, and reservoir-analysis efforts have been conducted, and potential 
risks are thoroughly analyzed. Extraction wells can also function as monitoring wells, providing valuable 
information about plume movement, support system calibration, and can later be converted to CO2-injection wells. 
As discussed earlier, we conducted the ACRM cases by starting with extraction wells placed 1 km radially from 
the center of the injection zone and then progressively moving the extraction zone in 1-km increments as the CO2 
plume spreads radially. We then repeated those calculations for a set of corresponding ACRM cases where the 
closest set of brine-extraction wells are 2, 3, 4, 5, and 6 km, respectively, from the center of the injection zone. Peak 
pressure buildup is found to be only weakly dependent on the minimum distance between the extraction zone and 
the center of the injection zone (Figure 6f). This indicates that pressure perturbations propagate quickly enough so 
that reservoir pressure management can be accomplished with a relatively small number of brine-extraction wells, 
located relatively far from the CO2-injection zone. 
4. Advantages of Active CO2 Reservoir Management Compared to Conventional Saline-Formation GCS 
Our reservoir analyses clearly demonstrate how combining brine extraction with CO2 injection can beneficially 
influence CO2 and brine migration and pressure response. Compared to conventional saline-formation GCS, we find 
that ACRM has many advantages, which will be valuable in both deployment and gaining public acceptance. 
 CO2-plume manipulation can counteract the influence of both buoyancy (e.g., with dipping formations) 
and heterogeneity, increasing the fraction of the storage formation (vertically) utilized for CO2 trapping. 
 Scalable CO2-storage capacity, which can be greatly increased with minimal increase in pressure. 
 Reduced pressure buildup, reducing risk of caprock fracturing, fault activation, and induced seismicity. 
 Reduced CO2 and brine migration, reducing the risk of leakage up abandoned or compromised wells, as 
well as the vulnerability to compromised seal integrity. 
 Large reduction in the Area of Review and in the area required for securing mineral rights. 
 Lack of pressure interference (for extraction ratio = 1) allows for independent assessment of each CO2 
operation within a basin containing multiple operations. 
 Operational flexibility, because brine extraction can be delayed, while attaining the same benefit on 
pressure reduction; also, brine-extraction wells can later be converted to CO2-injection wells. 
 Can be executed with relatively few brine-extraction wells, located far from the injection zone. 
 Enable permits being granted on a single-site basis, streamlining the permitting process. 
 Brine-extraction wells are useful for monitoring, providing valuable information about plume migration 
and the heterogeneous hydrogeologic structure, and to support system calibration and history-matching. 
 Generating revenue from brine treated by desalination technologies, such as Reverse Osmosis. 
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5. Conclusions 
For conventional, industrial-scale, saline-formation geologic CO2 storage, pressure buildup can have a limiting 
effect on CO2 storage capacity, particularly for closed and semi-closed systems. We analyze Active CO2 Reservoir 
Management (ACRM), which combines brine extraction and residual-brine reinjection with CO2 injection to control 
CO2 and brine migration and pressure buildup. By extracting brine from the lower portion of the storage formation, 
from locations progressively further from the center of injection, we can counteract the buoyancy force that drives 
CO2 to the top of the storage formation, which is useful in dipping formations. Using “push-pull” manipulation of 
the CO2 plume, we expose less of the caprock seal to CO2 and more of the storage formation to CO2, with a greater 
fraction (vertically) of the formation utilized for trapping mechanisms. Plume manipulation can also counteract the 
influence of heterogeneity. We investigate the impact of extraction ratio, defined as net extracted brine volume 
(extraction minus reinjection) divided by injected CO2 volume. Pressure buildup is reduced with increasing 
extraction ratio, which reduces CO2 and brine migration, increases CO2 storage capacity, and reduces other risks, 
such as leakage up abandoned or compromised wells, caprock fracturing, fault activation, and induced seismicity. 
For a 100-yr injection period, a 10-yr delay in brine extraction does not diminish the magnitude of pressure 
reduction. Moreover, pressure management can be accomplished with a few brine-extraction wells, located far from 
the injection zone. For an extraction ratio of 1, pressure buildup is minimized, greatly reducing the Area of Review, 
as well as the area required for securing mineral rights. For an extraction ratio of 1, CO2 and brine migration are 
unaffected by neighboring CO2 operations, which allows planning, assessing, and conducting of each operation to be 
carried out independently; thus, permits could be granted on a single-site basis. Brine-extraction wells will be useful 
during monitoring, providing valuable information for system calibration and history matching. One of several key 
aspects that ACRM has in common with CCS-EOR is the possibility of generating revenue from the extracted 
fluids; namely, fresh water produced via brine desalination, using technologies such as Reverse Osmosis. ACRM 
may also offer the possibility of Enhanced Water Recovery. These benefits can offset brine extraction and treatment 
costs, streamline permitting, and help gain public acceptance. 
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